The genetic control of larval tolerance to urea, a nitrogenous waste-product occurring naturally in crowded Drosophila cultures, was investigated in a set of five laboratory populations of D. melanogaster that had been successfully subjected to selection for increased larval urea tolerance. Larva to adult survivorship and development time at three different levels of urea were assayed on the five selected populations, their five matched controls and a set of 10 F1 hybrid populations derived from reciprocal crosses between pairs of selected and control populations. As expected from the results of previous studies, the selected populations exhibited greater larval tolerance to the toxic effects of urea, relative to their controls. Comparison of the hybrid and parental populations with respect to both survivorship and development time indicated that the genetic control of urea tolerance in the selected populations is largely dominant, and has a significant X-linked component. The data also suggested that females from the selected populations exercise a nongenetic maternal effect on the development time of their progeny, regardless of urea level.
Introduction
In the decades following the seminal work of MacArthur & Wilson (1967) , much progress has been made in understanding how density-dependent natural selection may act in moulding the evolution of life histories. Most of our understanding of the biological details of this important phenomenon has come from empirical studies using species of Drosophila as a model system (reviewed by Mueller, 1995) . Initially, such studies focused on understanding the biology of traits either known, or thought, to be advantageous under conditions of extreme larval crowding. These traits ranged from primarily behavioural attributes such as pupation height (Sameoto & Miller, 1968; Markow, 1979) , larval feeding rate (Burnet et a!., 1977) and the extent of larval locomotory activity while feeding (Sokolowski, 1985; Godoy-Herrera, 1986) to those that were predominantly physiological, such as larval efficiency at converting food to biomass (de Miranda & Eggleston, 1988) and larval tolerance to nitrogenous metabolic waste (Botella et a!., 1985) . Subsequently, the relevance of many of these traits to the density-*Correspondence.
1996 The Genetical Society of Great Britain. 33 dependent evolution of life histories was explicitly demonstrated by showing that these traits did, in fact, evolve in laboratory populations of D. melanogaster maintained at high larval densities for many generations (Mueller & Sweet, 1986; Joshi & Mueller, 1988 , 1996 Mueller, 1990; Mueller et al., 1991 .
Many of these traits, especially those related to larval behaviour, are also fairly well understood at the genetic level, adding substantially to our appreciation of their role in the density-dependent evolution of Drosophila life history strategies (Sewell et al., 1975; Bauer & Sokolowski, 1985 de Belle & Sokolowski, 1987; de Belle et a!., 1989 de Belle et a!., , 1993 Godoy-Herrera, 1994; Pereira et a!., 1995) . In contrast to these behavioural traits, little is known about the genetic control of larval tolerance to the toxic effects of urea, a potentially significant component of adaptation to high larval densities in Drosophila (Mueller, 1995) , beyond the fact that successful selection for increased larval urea tolerance is
R. Rose & L. D. Mueller, unpublished data) . In studies of interspecific competition between Drosophila species, the inhibitory effects of larval biotic residues on both larval viability (Budnick & Brncic, 1974 , 1976 and female fecundity (Aiken & Gibo, 1979) were observed. Subsequently, exposure to urea was shown to result in the slower development and reduced survivorship of D. melanogaster larvae (Botella et a!., 1983 (Botella et a!., , 1985 . In our laboratory, we have also observed an inhibition of fecundity in female D. melanogaster maintained as adults on
Although it is not the primary metabolic waste of Drosophila larvae, urea has been shown to accumulate in Drosophila culture vials during the larval phase (Botella et a!., 1985) . In our laboratory, we have observed that the rate at which nitrogenous waste accumulates in the food medium is much higher in crowded cultures, although it is not clear at this time whether the principal form of nitrogenous waste building up in these cultures is urea or ammonia, because the technique used converts urea to ammonia in order to assay urea level (A. G. Mueller, unpublished data) . Not surprisingly, larvae from populations of D. melanogaster maintained in our laboratory at high larval densities for many generations, have also been seen to be more tolerant to the detrimental effects of urea on various fitness components, relative to their uncrowded controls (J. Shiotsugu et a!., unpublished data).
In this paper, we report results from an experiment in which we investigated the genetic control of urea tolerance in a set of five large, outbred, laboratory populations of D. melanogaster that had been subjected to direct selection for increased larval tolerance to urea. These populations had earlier been seen to have diverged from their controls in several measures of urea tolerance, including egg to adult survival and development time when raised as larvae on urea-supplemented food (J. Shiotsugu et a!., unpublished data). These selected lines were subjected to levels of urea in excess of those normally occurring in crowded cultures in order to promote their rapid, and extensive, differentiation from the control lines, with regard to larval urea tolerance; such highly differentiated lines provide the degree of resolution needed for the genetic analysis of quantitative traits.
Materials and methods

Experimental populations
This study used five populations of D. melanogaster that have been subjected to selection for increased larval tolerance to the presence of toxic levels of urea in the food, as well as five control populations. The five populations selected for increased larval tolerance to urea (MX1-MX5) are raised as larvae at low densities (50-100 eggs per 8 dram vial) on banana-molasses food with urea added to it. Adult flies are allowed to oviposit on non-nutritive agar for approximately 6 h; the eggs are then placed into the food vials at the appropriate density. The following day, plastic sleeves are inserted into each vial. Once most larvae have pupated onto the plastic inserts, these are removed and placed into cages with Petri dishes containing yeasted banana-molasses food. This procedure ensures that adult flies will not be exposed to urea, so as to avoid confounding the results of adaptation to larval and adult exposure to environmental urea. Food is changed daily for 5 to 6 days after peak eclosion until egg collection for the next generation takes place. The five control populations (MC1-MC5) are maintained on an identical regime except that they are reared on regular banana-molasses food as larvae. The generation time of both MX and MC populations is about 3 weeks, and all populations are maintained at 25°C on a 24 h light regime.
Both sets of populations were derived from the five B populations of Rose (1984) , each B population being used as the progenitor of one MX and one MC population (MX, MC, derived from B1, 1-5). Consequently, MX and MC populations bearing the same numerical subscript are more closely related to each other, compared with other populations subjected to the same selection regime. Initially, the MX populations were reared on 12 g L1 urea in the food; this was increased to 14 g L1 at generation 5, and then further increased to its current concentration of 18 g L1 at generation 25. At the time of this study, the MX and MC populations had been maintained in the laboratory for approximately 65 generations.
Hybridpopulations
To eliminate any environmental or parental effects, all experimental populations were subjected to two generations under identical rearing conditions, before setting up the crosses from which the F1 hybrids were obtained. In the third generation, virgin adults from each population were collected every 6 li. Adult males and females were kept separate and used to set up homotypic and heterotypic crosses. For example, adult male and female virgins from populations MX1 and MC1 were used in four distinct crosses as follows (the first letter in a hybrid population name identifies the population that
The Genetical Society of Great Britain, Heredity, 77, 33-39. (i) male MC1 x female MX1 -* population CX1 (hybrid); (ii) male MX1 x female MC1 -population XC1 (hybrid). Similar sets of four crosses were carried out for each of the other pairs of MX and MC populations; a total of 20 populations was thus assayed in this study.
Measurement of urea tolerance
To assay urea tolerance, freshly hatched first instar larvae from each of the above crosses were collected. Egg-hatch to adult survivorship and development time were measured at three different levels of urea: 0, 14 and 18 g urea L of bananamolasses food. Five vials, each with 40 larvae, were set up at each level of urea for each individual population. Eclosing adults were collected every 6 h and the number of males and females recorded. These data were subsequently used to calculate egg-hatch to adult development time and survivorship.
Statistical analysis All statistical analyses were performed using SAS for Windows version 6.08. Analyses of variance (AN0vA) were used to investigate differences in the survivorship and development time between the parental and hybrid populations. The survivorship data were transformed using the arcsine-square root transformation (Freeman & Tukey, 1950) ; analyses for development time were performed on both untransformed and log-transformed data. The results of the analysis were not qualitatively affected by log-transformation and, consequently, the results presented here are those from the analysis of the untransformed data. The data were analysed in a completely randomized block design, because of the pattern of relatedness between MX and MC populations, with population (specific parent or hybrid), and urea level being treated as fixed factors crossed with the different blocks (replicates 1-5) representing the random effect of ancestry. For survivorship data, the units of analysis were the fraction of larvae surviving to eclosion per vial. Mean survivorship of
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both the CX and XC hybrids was compared to the mid-parent value in a separate ANOVA, using Scheffé's test for multiple comparisons; this test was performed on the means of individual replicate populations and the family type I error rate was controlled at 0.05. For the development time data, measurements on individual flies were used as units of analysis; vial was treated as a random factor nested within the block x population x urea interaction, and sex was treated as a fixed factor crossed with all the rest.
Results
Egg-hatch to adult survivorship
The results showed a clear superiority of the MX populations over the MC and the hybrid populations in the presence of urea in the food; in the absence of urea there were no significant differences among any of the populations (Fig. 1) . This pattern was reflected in the significant effects of population and Fig. 1 Egg-hatch to adult survivorship in the parental and hybrid populations of Drosophila melanogaster at three different levels of urea. Error bars represent 95% confidence intervals about the mean of five replicate populations and are based on the variance between replicate populations. As the analyses of variance (AN0vA) were performed using a block design, and on transformed data, these confidence intervals, that are meant for indicating the range of variation, should not be used for visual hypothesis testing. Egg-hatch to eclosion development time Once again, the ANOVA results revealed significant effects of population and the population x urea interaction ( Table 2) . As in the case of survivorship, the data showed superiority of the MX populations in the presence of urea (Fig. 2) . As the urea level increased from 0 to 18 g urea L', the development the population x urea interaction in the ANOVA (Table 1) . Both hybrid populations exhibited survivorship significantly greater than the mid-parent value (P<0.005), indicating a substantial degree of dominance for larval tolerance to urea. Multiple comparisons suggested that the CX hybrids may have superior suvivorship on urea compared with Nesting of effects is indicated by parentheses. Significant fixed main effects and interactions are shown in boldface.
but this difference became less pronounced in the presence of urea (Fig. 2) . The faster development of the XC hybrids, compared with their CX counterparts, suggests a maternal effect whereby individuals with an MX mother develop relatively slowly, even in the absence of urea. In the presence of urea, both hybrids showed development times similar to the MX parents, and significantly greater than the MC parents, again suggesting a substantial dominance component to the larval urea tolerance of the MX populations.
The ANOVA also showed a significant population x urea x sex interaction, and multiple comparisons among cell means of the various population x urea x sex combinations provided further evidence for an X-linked component to urea tolerance in the MX populations. Under the assumption of dominance, if urea tolerance were X-linked, the urea tolerance of XC and CX females would be expected to be similar. However, CX males, inheriting their X chromosome from their MX mothers, would be expected to show greater urea tolerance than XC males, because the latter would inherit their X chromosome from their maternal MC parents. The results show that the development time of CX females, relative to XC females, remained significantly greater across all urea levels (Fig. 3) . As
CX and XC hybrids do not differ in the relative contribution of the MX parent to their genome, this result supports the notion of a detrimental maternal effect on the development time of the offspring of MX mothers. The performance of CX males, relative to XC males, however, improved as urea levels increased. At 0 g urea L1, the CX males had significantly greater development time than XC males. This difference diminished at 14 g urea L1, and was not seen at all at 18 g urea L1 (Fig. 3) , suggesting that in the presence of urea the greater urea tolerance of the CX males was enough to compensate completely for their inherently greater development time.
Discussion
The superior larval urea tolerance of the MX populations, relative to the MC controls, seen in this study, confirms the preliminary observation of a successful response to selection for increased urea tolerance in the MX populations (J. Shiotsugu et a!., unpublished data). Moreover, the results of the present study extend the preliminary work of Shiotsugu et a!. by providing information about the genetic control of larval urea tolerance in these populations. Comparison of the urea tolerance of CX and XC hybrids with that of the parental populations provides evidence for a substantial dominance component to the genetic control of urea tolerance in the MX populations. The survivorship (Fig. 1 ) and development time (Fig. 2) of both the CX and XC hybrids was significantly greater than the mid-parent value in the presence of urea in the food medium. The dominance pattern also appears to be stable, at least over the two levels of urea used in this study; in studies of insecticide resistance, alleles for resistance are often seen to switch from dominance to recessiveness as the dosage increases (Georghiou & Taylor, 1977; Taylor & Georghiou, 1979 ).
The differences between the reciprocal hybrids in survivorship, and especially the different patterns of relative urea tolerance, as reflected in the effect of urea on development time, in male and female CX and XC hybrids (Fig. 3) , provide evidence for at least partial X-linked control of urea tolerance in the MX populations. Unfortunately, a similar comparison of sexes could not be carried out with the survivorship data because we cannot be sure that equal numbers of male and female larvae were put into the vials at the start of the assay. The significantly faster development of the XC males (at low urea levels) and females (at all urea levels used in this study), compared with their CX counterparts (Fig. 3) , is consistent with a detrimental nongenetic maternal effect of MX mothers on the development time of their offspring. At higher urea levels, the difference between the CX and XC hybrids resulting from this maternal effect appears to be compensated for in the CX males by their greater urea tolerance, Fig. 3 Egg-hatch to adult development time of males and females from the CX and XC hybrid populations of Drosophila melanogaster at three different levels of urea. Error bars represent 95% confidence intervals about the mean of five replicate populations, and were calculated using least squares estimates of the standard errors of cell means in the randomized block ANOVA (*P<0.05, **< 0.01).
inherited via the X chromosome from their MX mothers. The CX females, not differing from XC females in their X chromosome composition, remain slower developers across all urea levels (Fig. 3) .
The indication of dominance and X-linkage of larval urea tolerance in this study suggests that it is likely that there may be a relatively small number of loci exerting a major effect on the expression of this trait. Further genetic investigations will be needed to assess this possibility. Further studies on the exact form in which nitrogenous waste tends to accumulate in Drosophila cultures, urea or ammonia, as well as studies of whether urea tolerance and ammonia tolerance are, at least partially, physiologically related, will also help to achieve a more detailed understanding of larval adaptation to crowding in 
